The high regio-and stereospecificities of enzymes and their ability to catalyze reactions in the absence of organic solvents make enzymatic synthesis of antibiotics an attractive way to prepare complex natural products. Enzymatic total syntheses of several complex natural products have been recently achieved, which illustrates the power of this synthetic methodology. 1,2 Combinations of biosynthetic enzymes and substrates, including unnatural types, can afford structurally diverse natural product-like compounds. 3 In this study, we report the enzymatic synthesis of the aminoglycoside antibiotic neomycin C from ribostamycin by the use of four neomycin biosynthetic enzymes. So far, all nine enzymes for ribostamycin biosynthesis from D-glucose 6-phosphate have been characterized using the enzymes derived from the butirosin producer Bacillus circulans and the neomycin producer Streptomyces fradiae. 4 Furthermore, two neomycin biosynthetic enzymes NeoF and NeoD were recently found to catalyze the glycosylation of ribostamycin using Figure 1 Biosynthesis of neomycin C from ribostamycin.
The high regio-and stereospecificities of enzymes and their ability to catalyze reactions in the absence of organic solvents make enzymatic synthesis of antibiotics an attractive way to prepare complex natural products. Enzymatic total syntheses of several complex natural products have been recently achieved, which illustrates the power of this synthetic methodology. 1, 2 Combinations of biosynthetic enzymes and substrates, including unnatural types, can afford structurally diverse natural product-like compounds. 3 In this study, we report the enzymatic synthesis of the aminoglycoside antibiotic neomycin C from ribostamycin by the use of four neomycin biosynthetic enzymes. So far, all nine enzymes for ribostamycin biosynthesis from D-glucose 6-phosphate have been characterized using the enzymes derived from the butirosin producer Bacillus circulans and the neomycin producer Streptomyces fradiae. 4 Furthermore, two neomycin biosynthetic enzymes NeoF and NeoD were recently found to catalyze the glycosylation of ribostamycin using UDP-N-acetylglucosamine (UDP-GlcNAc) as a sugar donor and the subsequent deacetylation to afford 6¢¢¢-deamino-6¢¢¢-hydroxyneomycin C (Figure 1 ). 5 (As the biosynthetic gene cluster for neomycin was deposited with different symbols in DNA databases by multiple groups, we here use the butirosin biosynthetic btr gene-based code names, which are systematically utilized by the Piepersberg et al. 6 and also in our recent review. 7 ) NeoB has also been reported to catalyze two transaminations: the conversion of neomycin C to 6¢¢¢-oxoneomycin C, which is a reverse reaction of the postulated in vivo biosynthetic reaction (Figure 1) , and the conversion of 6¢-oxoparo- Figure 2 NMR spectra of neomycin C in D 2 O synthesized with biosynthetic enzymes. (a) 1 H-NMR (500 MHz) and (b) 13 C-NMR (125 MHz) were recorded on DRX500 (Bruker, Rheinstetten, Germany). Auto reference for the D 2 O solvent was used for both spectra. Small amounts of Tris buffer and glycerol were contaminated from the purification process of the proteins. 2D-NMRs including 1 H-1 H COSY and TOCSY spectra (data not shown) were also recorded to determine the structure of neomycin C. The signals were assigned by comparison with those of 6¢¢¢-deamino-6¢¢¢-hydroxyneomycin C 5 and neomycin B. Enzymatic preparation of neomycin C F Kudo et al mamine to neamine using L-glutamate or L-glutamine as an amino donor. 8 NeoQ was characterized as a flavin adenine dinucleotidedependent dehydrogenase of paromamine to give 6¢-oxoparomamine during neamine formation. 8 No dehydrogenase for the oxidation of 6¢¢¢-deamino-6¢¢¢-hydroxyneomycin C has been identified as yet.
As there is no other gene in the biosynthetic gene cluster that can be assigned for the oxidation of 6¢¢¢-deamino-6¢¢¢-hydroxyneomycin C, the repetitive use of NeoQ has been proposed. 8 Characterization of the NeoQ function and reconstitution of the biosynthetic reactions between ribostamycin and neomycin C is important to elucidate the potential repetitive use of multiple enzymes in the neomycin biosynthetic pathway. At first, we prepared 6¢¢¢-deamino-6¢¢¢-hydroxyneomycin C from ribostamycin by incubation with NeoF and NeoD according to earlier methods with minor modifications. 5 Overexpressed NeoF protein was partially purified by anion exchange chromatography with DEAE Sepharose Fast Flow (GE Healthcare, Chalfont St Giles, UK) and the obtained crude enzyme (17 ml, 22 mg as crude enzyme) was directly used for the glycosylation of ribostamycin (56 mg) with UDP-GlcNAc 2Na (86 mg) at 28 1C for 45 h. Without purification of the glycosylated product, the next deacetylation reaction was carried out by the addition of NeoD (0.3 mg, 0.25 ml) purified by TALON (Clontech, Mountain View, CA, USA) chromatography. After 24 h at 28 1C, the resulting enzymatic solution was heat-treated (100 1C, 2 min) and then applied to a Dowex AG1-X8 (Bio-Rad, Richmond, CA, USA, [OH -] form, 12 ml) column. The unadsorbed fraction was neutralized with acetic acid and then applied to an Amberlite CG50 (Rohm and Haas Co, Philadelphia, PA, USA, [NH 4 + ] form, 8 ml) column. A stepwise gradient of aqueous NH 4 OH (0.04 M and then 2 M) eluted 6¢¢¢-deamino-6¢¢¢-hydroxyneomycin C, which was further passed through Dowex AG1-X8 ([SO 4 2À ] form, 8 ml) to obtain 6¢¢¢-deamino-6¢¢¢-hydroxyneomycin C sulfate (45 mg, 2 steps 45% yield).
Next, the probable flavin adenine dinucleotide-dependent dehydrogenation of 6¢¢¢-deamino-6¢¢¢-hydroxyneomycin C catalyzed by NeoQ with the abovementioned substrate was investigated. When the following conditions for the enzyme reaction and derivatization were used, we observed a time-dependent decrease of the substrate by HPLC analysis (data not shown); NeoQ (0.35 mg ml À1 , purified with Ni-NTA His Bind Resin (Novagen, Darmstadt, Germany)), substrate 2 mM, flavin adenine dinucleotide 0.3 mM in 20 mM Tris buffer (pH 8.0) containing 0.2 M KCl, at 28 1C, followed by derivatization with 2,4-dinitrofluorobenzene for UV detection of aminoglycosides. The result indicated that NeoQ also catalyzes the dehydrogenation of 6¢¢¢-deamino-6¢¢¢-hydroxy-neomycin C as well as paromamine to give the corresponding aldehyde. The absence of the product is presumably because of a decomposition of the aldehyde compound during the dinitrophenyl derivatization under basic and high temperature (60 1C) conditions. Furthermore, the addition of NeoB (0.6 mg ml À1 , purified by Ni-NTA His . Bind Resin chromatography), L-glutamine (Gln, 10 mM) and pyridoxal phosphate (0.2 mM) to the NeoQ reaction mixture followed by the abovementioned derivatization gave a new peak on the HPLC trace, which showed m/z 1609.5 corresponding to the MW [M-H] -of the neomycin C dinitrophenyl derivative (data not shown). A large-scale NeoQ and NeoB reaction (6 mg of NeoQ, 11 mg of NeoB, 17 mg of 6¢¢¢-deamino-6¢¢¢-hydroxyneomycin C (1 mM), flavin adenine dinucleotide (1 mM), Gln (20 mM) and pyridoxal phosphate (0.4 mM) in the Tris-HCl buffer (pH 8.0) containing 0.2 M of KCl, total 20 ml at 28 1C for 44 h) gave a mixture of starting material and the new product, which was purified by the same procedure as that for the purification of 6¢¢¢-deamino-6¢¢¢-hydroxyneomycin C. As the preliminary analytical scale experiment suggested the inefficient conversion of this reaction, the mixture was further treated under the same enzymatic conditions for a longer time (44 h) to ensure maximum consumption of the starting material and the resulting aminoglycosides were purified in an identical manner. As a result, 12 mg of the product was obtained and the structure of the main product was confirmed as neomycin C by 1 H-NMR, 13 C-NMR ( Figure 2 ) and HR-FAB-MS (positive, glycerol) m/z 637.3033 (M+Na) + , calcd for C 23 H 46 N 6 O 13 Na: 637.3020. Despite the use of newly prepared enzymes for both reactions, 10-20% of the starting material remained after the reaction, probably because of the reversibility of the transamination. 8 However, the conversion of 6¢¢¢-deamino-6¢¢¢-hydroxyneomycin C to neomycin C using purified NeoQ and NeoB strongly suggests a repetitive use of NeoQ and NeoB in neomycin biosynthesis.
The only uncharacterized step in the neomycin B biosynthesis is now the epimerization at the C-5¢¢¢ position of neomycin C. As the exact timing of the epimerization is currently unclear, 9 any of the four biosynthetic intermediates in the pathway shown in Figure 1 may be the substrate for the epimerization. The enzymatic synthesis reported here can supply all the possible substrates needed to investigate the corresponding epimerization reaction. A comparison of aminoglycoside biosynthetic gene clusters indicated the involvement of NeoN, a putative radical SAM enzyme that is also encoded in the paromomycin and lividomycin biosynthetic clusters. 5, 7 As such an epimerization by a radical SAM enzyme is unprecedented 10 and would be an important tool to synthesize structurally diverse aminoglycosides, the functional characterization of NeoN is important and is currently underway.
In conclusion, we showed the repetitive dehydrogenase activity of NeoQ at the C-6 position of the glucosamine moiety of paromamine and 6¢¢¢-deamino-6¢¢¢-hydroxyneomycin C, and the transamination activity of NeoB at the corresponding positions. The substrate recognition mechanism of the dehydrogenase, NeoQ, should be interesting, because the C-6¢ positions of paromomycin and lividomycin remain as hydroxy groups even though the corresponding enzymes in the biosynthesis of these antibiotics should work for the dehydrogenation at C-6¢¢¢. We also achieved the enzymatic synthesis of neomycin C from ribostamycin in a preparative scale. This methodology can be applied for enzymatic synthesis of the other aminoglycoside antibiotics. Thus, the functional characterization of many other biosynthetic enzymes for aminoglycosides such as kanamycin and gentamicin will pave the way for the creation of structurally diverse aminoglycosides, including unnatural types, in the future.
